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Abstract 
In vehicle dynamics, all the external forces (apart from aerodynamic forces) are generated at the tyre-road interface. 
To fully understand the dynamics that govern these forces, parameters such as terrain profile, side-slip angle and 
longitudinal slip are critical. The ability to directly measure these parameters in real-time will aid and improve many 
driver assist systems such as ABS and traction control, especially over rough terrain.  
In this paper, the use of image correlation is investigated to measure the side-slip angle in real time. Digital image 
correlation is the process of comparing and analysing changes in sequential images by applying software algorithms to 
these images. Previous research has proven that digital image correlation can be used to accurately measure these 
critical parameters over rough off-road terrain using inexpensive, off-the-shelf cameras. However, this was achieved in 
post processing and not implemented in real time due to the large computation times of the algorithms. Commercial 
side-slip angle sensors are available but they are costly. They are also restricted to low side-slip angle, give 
unsatisfactory results at lower speeds and have trouble measuring over uneven terrain. 
In this paper, the maximum obtainable sampling frequency and maximum operating speeds are investigated using 
this method. Tests were conducted on flat concrete surfaces and showed that the vehicle side-slip angle could be 
measured in real-time at nearly highway speeds. The method proposed provides an inexpensive alternative to 
commercial sensors and estimation to provide a direct measurement of the side-slip angle in real-time.  
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1. Introduction 
To fully understand the forces governing vehicle dynamics, parameters such as terrain profile, side-slip angle and 
longitudinal slip are critical. The ability to directly measure these parameters in real-time will aid and improve driver 
assist systems such as ABS and traction control, over rough off-road terrain.  
In vehicle dynamics, the side-slip angle can be separated into two variables, i.e. tyre side-slip angle and vehicle 
side-slip angle which is represented in Fig.1 as α and β, respectively. Vehicle side-slip angle is defined as the angle 
between the direction of the vehicle and the direction of travel of the vehicle, whereas with the tyre side-slip angle, the 
tyre is referenced instead of the vehicle.  (Gillespie, 1992) 
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Fig 1. Bicycle model representation of a vehicle depicting side-slip angle (Gillespie, 1992) 
The vehicle side-slip angle can be used as a measure of the handling and stability of the vehicle and is important for 
dynamic manoeuvres. Inagaki et al (1994) demonstrated that the vehicle side-slip angle and its derivative offer better 
insight to vehicle stability as compared to yaw-rate. Stability control schemes based on side-slip angle show improved 
vehicle performance (Chung and Yi, 2006). Tyre side-slip angle also plays an important part in tyre modelling and 
validation. Fiala (1954) and Bakker et al (1987) both showed that the total lateral force generation of the tyre can be 
sufficiently described by the average side-slip angle of the tyre. Many studies have been conducted where the side-slip 
angle was estimated instead of using a direct measurement. The estimation uses sensors such as accelerometers, rate 
gyroscopes and GPS to estimate the side-slip angle (Botha and Els, 2012; Bevly et al, 2006). However, these methods 
rely on a high sensor excitation level (only experienced during dynamic situations such as high-speed manoeuvres) 
relative to sensor noise to achieve accurate estimates. Therefore, these estimation techniques are unsuitable for low 
dynamic situations or when sensor noise is significant. This is disadvantageous in off-road scenarios as the vehicle often 
experiences large terrain excitation  at much lower speeds (such as terramechanics applications) resulting in low signal 
to noise ratios. Off-road terrains are often low friction or deformable terrains, resulting in large side-slip angles if the 
vehicle is fully sliding making these estimates unsuitable. Many driver assist systems can be substantially improved by 
using a measured side-slip angle compared to an estimated side-slip angle in off-road scenarios. 
The Kistler Correvit S-HR (Kistler, 2016) is a commercially available side-slip angle sensor, developed for mainly 
smooth, hard roads where the motion is predominately planar with little body motion and has a sampling frequency of 
250Hz. This sensor uses a combination of the Doppler effect and an absolute measuring method of determining the side-
slip angle. The sensor is limited to a maximum side-slip angle of 15deg, does not perform well below 20km/h and 
experiences difficulties when moving over uneven surfaces making it unsuitable for terramechanic applications which 
generally occur on uneven terrain and low speeds.  
Digital image correlation is the process of comparing and analysing changes in sequential images or images 
obtained from multiple views by applying software algorithms to these images and have a wide base of applications 
throughout various industries. Botha and Els (2015) proved that digital image correlation can be used to accurately 
measure side-slip angle over various terrains such as smooth concrete, Belgian paving, snow and ice by using 
inexpensive, off-the-shelf cameras at low speeds. Various methods were proposed, either using a single camera or a 
calibrated stereo rig (comprising of two cameras at a fixed distance apart). The sensor (pointing downwards to the 
terrain) could be mounted on the vehicle or the tyre depending on which side-slip angle was measured. All digital image 
correlation analyses were implemented in post processing due to the large computational expense of digital image 
correlation and stereo correspondence calculations. The bottleneck in computation time was identified as the feature 
tracking between sequential images and the disparity mapping between image pairs in the stereographic rig.  
In this paper, the use of image correlation is investigated to directly measure the side-slip angle in real time using 
the computationally inexpensive 2D Planar algorithm developed by Botha and Els (2015). To reduce computation time, 
the algorithm was threaded on a multi-core processor. 
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2. Slip Angle Measurements 
Image correlation is the process of tracking changes in images. Sparse optical flow techniques, which track small 
subsets of regions rather than the whole image, are less computationally expensive when compared to dense optical 
flow methods making it better suited for real-time applications. Numerous algorithms have been developed to track 
these changes, one of which is the Lucas-Kanade algorithm (Lucas and Kanade, 1981). Many other sparse optical flow 
algorithms exist such as SIFT (Lowe, 2004), SURF (Bay et al, 2008), ORB (Rublee et al, 2011) and BRISK 
(Leutenegger et al, 2011). However, it was found that the Lucas-Kanade optical flow algorithm performed the best with 
the lowest computation time making it well suited for real-time applications. Table 1 shows a comparison of these 
optical flow algorithms and the computation time required to track 50 features across a 640x480 sized image on a 
desktop computer with an i5 quad core processor 2.8GHz, using a single core. 
Table 1 Computation time comparison between various feature tracking algorithms 
Algorithm Average computation time [ms] 
Lucas-Kanade 15 
SIFT 570 
SURF 95 
ORB 35 
BRISK 550 
 
Sparse optical flow algorithms track subsets of the image known as features. These are regions of the image that are 
unique and make it easy to identify and subsequently, track. In the Lucas-Kanade algorithm, the features are identified 
by obtaining the Hessian matrix of the pixel intensities (in multiple directions) and are classed as unique if the smallest 
eigenvalue is above a predefined threshold. It is therefore required to have texture on the surface that shows up as 
illumination variation in the image to sufficiently identify unique features. Most road surfaces offer a large variation in 
texture, making it easy to identify these unique features. Botha et al (2016) also studied the applicability of these 
algorithms on off-road surfaces such as ice and snow, which although might have large texture variation, does not 
necessarily show up as illumination variation on the image. Accurate side-slip angle measurements could still be 
obtained on these terrains.  
The Lucas-Kanade optical flow algorithm tracks these unique features across sequential images by solving the 
optical flow equation in a least squares approach, making three important assumptions i.e. the brightness across images 
are consistent, feature motion is small and that the windowed region around the feature has the same motion as the 
feature. The first assumption would be invalid if shadows are generated but can be overcome by using adjustable 
camera parameters such as sensor gain, aperture and contrast. The assumption of small motion is overcome by 
introducing a modification to the algorithm that tracks over a pyramid of smaller scaled images which reduces the 
motion on the image. The motion on the smallest image is then tracked and the solution used on the next largest image. 
This process is repeated for the larger scaled images until the solution of the motion of the original image is found. The 
last assumption is valid for most surfaces.  
Two algorithms developed by Botha and Els (2015) are the 2D Planar method and the Stereographical method. The 
2D Planar method tracks features across sequential images using a single camera. These features can be used to describe 
the relative motion of the camera over the terrain and therefore the angle of the relative motion can be considered as the 
direction of travel of the camera. By mounting the camera in such a way that the motion is horizontal (or vertical) when 
the side-slip angle is zero, the angle of the relative motion is the side-slip angle. However, this approach is only valid if 
the camera (or vehicle) undergoes purely planar motion such as the case when driving over smooth surfaces. This poses 
a problem when driving over uneven terrain as the terrain excites the vehicle in various motions. Figure 2 shows the 
effect of vehicle motion induced by the uneven terrain on the camera image which could result in ambiguity in 
measuring the side-slip angle.  
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Fig2. Projected motion on camera: a) Vertical motion b) yaw motion c) roll motion d) pitch motion (Botha and Els, 2015) 
A stereographical system was proposed to eliminate the effect of body motion. This method uses unscaled, real 
world 3D coordinates obtained by viewing the same scene with two cameras at fixed locations relative to one another. 
This method determines depth similar to how human eyes do. As before, features in sequential images are tracked and 
then are transformed into 3D real world coordinates which have now undergone rigid body motion. From these 
coordinates, the relative translation and rotation matrices can be determined (Arun et al, 1987). Therefore, this method 
distinguishes between all rotations and translations, and the side-slip angle can be determined by only considering the 
angle between the longitudinal and lateral translations. This eliminates ambiguities caused by motions induced by the 
terrain, making it better suited for off-road applications such as terramechanics. 
 Table 2 shows the results Botha and Els (2015) obtained driving over a flat concrete surface and over Belgian 
paving (uneven, but none deformable terrain to simulate off-road conditions) and found that this algorithm did not 
significantly improve results and as compared to the 2D planar method, indicating that the motions induced by the 
uneven terrain do not have such a significant effect as originally expected. These results were also compared to the 
Correvit S-HR side-slip angle sensor and all camera based measurements provided better results as compared to the 
Correvit. For this reason, the paper focuses on the less computationally expensive 2D method which has a lower 
computation time.  
Table 2. Results obtained from (Botha and Els, 2015) 
 Correvit S-HR 2D Planar Method 3D Method 
Flat road 
Side-slip angle RMS Mean STD RMS Mean STD RMS Mean STD 
0˚ 2.3 0.42 2.26 0.91 -0.36 0.84 0.83 0.06 0.83 
5˚ 5.86 5.48 2.09 4.98 4.9 0.89 4.93 4.85 0.87 
10˚ 10.39 10.10 2.45 9.96 9.95 0.53 9.81 9.77 0.87 
Belgian paving 
Side-slip angle RMS Mean STD RMS Mean STD RMS Mean STD 
0˚ 1.71 0.65 1.58 0.91 -0.09 0.91 0.92 0.09 0.92 
5˚ 5.6 5.42 1.42 4.92 4.85 0.83 4.89 4.79 0.96 
10˚ 10.56 10.35 2.12 10.03 10 0.75 9.9 9.87 0.87 
3. Experimental setup 
The side-slip angle was tested by mounting the camera on a gimbal, which allowed rotation of the camera in fixed 
increments relative to the vehicle as shown in Fig. 3. This allows for a constant side-slip angle to be presented to the 
camera measurement system when the vehicle is driving in a straight line. Ideally, the camera should be mounted on or 
close to the centre of gravity of the vehicle to minimise the effect of vehicle motion however for testing purposes it was 
mounted on the rear of the vehicle. The vehicle was driven in a straight line on a flat concrete road and the side-slip 
angle incremented between 0, 5 and 10 deg. It should be noted however that the system can theoretically measure any 
angle but is limited because of the gimbal setup only allowing up to 10deg rotation. The camera used in the setup is a 
Point Grey Flea3 USB 3.0 camera. The camera was set to a resolution of 640x480 pixels with which a maximum frame 
rate of 450Hz can be achieved. The camera was calibrated to remove any lens distortion on the obtained images. The 
camera was triggered using two methods. The first method used a software to trigger at set intervals and the second used 
a synchronising pulse which is generated by the data acquisition device or DAQ, referred to as hardware triggering. It 
was found that the software triggering limited the processing rate to 180Hz and therefore the decision was made to only 
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use hardware triggering. The processing unit used was an Intel NUC with a 6th generation i7 quad core/8 thread 
processor with solid state hard drive and 16Gb DD4 memory. The algorithm was threaded across all cores (thus four 
threads were created) to boost the computational efficiency, where each core ran its own local version of the algorithm. 
The main function would continuously check if a thread was busy and then supply it with a set of images for processing 
when it became available. To further enhance computational efficiency, threads were continuously active and only 
destroyed at user request rather than starting and destroying a thread on each iteration.  
 
 
Fig 3a. Top view of gimbal setup 
 
Fig 3b. Side view of gimbal setup 
4. Results 
Initial testing was focussed on the maximum obtainable sampling frequency. This was accomplished by increasing 
the sampling frequency until the computation time became excessive and the algorithm started skipping frames. As a 
result, it was found that 250Hz was the maximum obtainable sampling frequency with minimal frame skipping. Setting 
the sampling frequency to 300Hz resulted in an average sampling frequency of 283Hz and increasing it further to 
350Hz resulted in an actual sampling frequency of 302Hz. Although higher sampling frequencies were obtained, they 
are not consistent and the skipped frames create ambiguities in the measurements. The vehicle tests were conducted at 
250Hz.  
The second part of the analysis was to determine the maximum operating speed that accurate measurements could 
be made. This was achieved by accelerating the vehicle to the maximum achievable speeds on the test surface, which 
was 100km/h where accurate measurements were still obtained. It was found that the ability to track the features 
drastically reduced as the velocity increased and subsequently the pixel displacement increased. In some instances, zero 
features were successfully tracked. No measurement can be made from this and the data is simply rejected by the 
algorithm. The reduction in features tracked is likely due to the blurring effect caused by motion on the image as well as 
the assumption made by the Lucas-Kanade algorithm of small motions which is violated at higher velocities. Further 
investigation is required to better understand this phenomenon. Figure 4 demonstrates this behaviour. In this specific 
test, the side-slip angle was set to 5deg and the vehicle accelerated from rest up to 100km/h where (a) shows the average 
pixel displacement between consecutive images (b) shows the corresponding number of tracked features and (c) shows 
the measured side-slip angle. A general trend is observed between Fig. 4(a) and Fig. 4(b) that shows when the vehicle 
velocity increased, the number of features tracked decreased although no exact correlation was determined.  
The vehicle velocity was not directly measured during these tests. The scope of the test limited measurements to 
60km/h, however, to further investigate the capabilities of the system speeds of up to 100km/h were also tested. An 
indication of the obtained speeds was obtained from the vehicle’s speedometer. In Fig. 4 (a) the pixel displacement 
initially starts at 0, moves to approximately 60 where it stays constant for approximately 5 seconds and then further 
increases to 95 after which it reduces back down to 0. During the test vehicle started from rest, accelerated to 60km/h, 
held that velocity for approximately 5 seconds and then accelerated to 100km/h after which the vehicle decelerated back 
down to 0km/h. Therefore, for this specific test setup the pixel displacement can be used as an approximation of the 
vehicle velocity during testing. This however will not always be the case as this is dependent on the distance to the 
measurement surface as well as the focal length of the lens. 
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Fig 4. a) Pixel displacement b) Number of successful features tracked c) Slip angle at 5deg 
The last part of the analysis was conducted to determine the accuracy of the measurements. Various runs were 
performed at side-slip angles of 0, 5 and 10 degrees. These measurements were sampled at 250Hz where the vehicle 
was accelerated from rest to 60km/h. The results are tabulated in Table 3. The results show a maximum of 0.46deg 
difference in the requested side-slip angle was obtained although most measurements were considerably closer. The 
standard deviation did not exceed 0.7deg. It should be noted that the concrete testing surface was not perfectly flat and 
induced some vehicle motion. An example of this can be seen in Fig. 3(c) where some oscillation is observed at the end 
of the run (between 35s and 40s). These results show that accurate and consistent measurements can be made, 
comparable to that of Botha and Els (2015), using a similar setup and on the same test surface. These results are also 
better than the measurements made by Botha and Els (2015) on the same surface using the Correvit S-HR side-slip 
angle sensor, proving that this technique is superior versus current sensors at a fraction of the cost. 
Table 3. Side-slip angle results at 250Hz 
Side slip angle Run Mean Standard deviation 
0˚ 
1 
2 
3 
-0.0671 
0.0598 
0.3620 
0.4621 
0.5030 
0.4990 
5˚ 
1 
2 
3 
5.053 
5.3981 
5.0988 
0.6144 
0.5024 
0.6914 
10˚ 
1 
2 
3 
10.4594 
10.4346 
10.0714 
0.5873 
0.5742 
0.6735 
 
To improve the accuracy of the algorithm, various aspects need to be addressed. The first is to determine the cause of 
the reduction in tracked features which is likely due to the blurring effect caused by the vehicle motion. These effects 
can be reduced by increasing the aperture and reducing the shutter time but it will require better lighting. Another 
possibility is due to the small motion assumption made by the Lucas-Kanade algorithm which is violated at higher 
speeds. By increasing the distance between the camera and the ground and therefore increasing the focal length, this 
effect can be reduced.  Next, by quantifying the accuracy of the side-slip angle measurement compared to the pixel 
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displacement, the sampling frequency can be adjusted to ensure accurate measurements based on the velocity at which 
the tests are conducted. Lastly, by measuring the velocity profile during tests, a correlation between the velocity and 
pixel displacement can be determined making it possible to measure the vehicle velocity independent of wheel speed. 
These measurements could be directly incorporated into current driver assist systems to improve safety. 
5. Conclusion 
 This paper investigated the use of digital image correlation the measure the side-slip angle in real time. The system 
could successfully measure the side-slip angle in real-time with a maximum sampling rate of 250Hz, which is 
equivalent to the Correvit S-HR side-slip angle sensor with an increase in accuracy. The results obtained are also 
comparable to those of Botha and Els (2015) w.r.t. accuracy, who used a similar setup and the same testing surface. The 
system was tested at various velocities and it was found that accurate measurements could be made up to velocities of 
100km/h which is sufficient for most testing purposes in off-road vehicles. Further investigation is required to determine 
the exact cause of the reduction in features tracked at higher velocities to improve results. By improving the lighting on 
the terrain, the shutter time can be reduced which will aid the blurring effect of the motion. Also, the camera height can 
be increased at higher velocities to maintain the small motion assumption made by the feature tracking algorithm.   
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